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Microscopic simulation modelling is a useful approach in estimating the performance 
and capacity of pedestrian facilities. Traditional microscopic pedestrian simulation 
models, such as the Social Force Model, suffer from the drawback of computational 
inefficiency when simulating a large number of pedestrians. Cellular Automaton (CA) 
is a methodology to represent the behaviour of a dynamic system by discretely 
defining time and space. In recent years, the methodology of CA is widely being used 
for the proposition of microscopic pedestrian simulation models on the grounds that 
the discreteness of time and space in a CA environment results in improved 
simulation speed. One of the latest available microscopic pedestrian simulation 
models using CA is the Dynamic Parameters Model (DPM). This model is based on 
the idea that pedestrians choose to move to one of their neighbouring cells in the 
following time step based on the value of a quantity called transition payoff, which is 
the summation of several dynamic parameters taking into account of direction of 
movement, configuration of the vision conscious field etc. However, similar to other 
CA based models of pedestrian simulation, DPM is solely based on theoretical 
considerations, which necessitates an in-depth study on DPM. This research intends to 
perform a critique of DPM to find out its strengths and weaknesses and suggest an 
improved DPM. In order to achieve this objective, a complete reconstruction of DPM 
was carried out using the computing environment of MATLAB. In order to validate 
the reconstruction, a statistical analysis has been performed to check the agreement 
between the original work and the reconstructed model, with due consideration to the 
sample size and dispersion in the results of the original work, which are not known. It 
was found that in case of small sample size in the original work, the differences in 
results of the reconstructed model are statistically insignificant from the original work 
in the majority of the cases. A comprehensive sensitivity analysis has been carried out 
to investigate the effect of directional split, system size and right hand parameter on 
macroscopic parameters like flow, speed, velocity and critical density by running 
simulation of the model six times for each combination of these parameters. It has 
been found that the model shows a distinct pattern regarding the effect of these 
variables on the macroscopic quantities. The strength of the model is that in the cases 
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where the density is less than critical density, the model successfully reproduces the 
self organisation phenomenon observed in real life pedestrian traffic streams. 
However, the weakness is that, beyond the critical density, the system moves into a 
jammed state, the behaviour of which is far from reality. Finally, an improved DPM 
has been suggested, which attempts to address the shortcoming of the original DPM. 
For example, it provides guidelines for the issue of route choice and diagonal 
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Pedestrians form an integral part of the road traffic system and public infrastructure 
including facilities like MRT stations, airport terminals, shopping malls etc. For the 
planning, design and performance evaluation of these facilities, understanding the 
behaviour of pedestrians is of utmost importance. However, the behaviour of 
pedestrians is quite complicated and in recent years, various analytical and simulation 
models are being proposed to model pedestrian movement, which subsequently would 
aid in the capacity and performance estimation of real world pedestrians facilities 
mentioned above. 
 
Among the pedestrian movement simulation models, a significant number are using 
the methodology of Cellular Automaton (CA) (Wolfram, 2002), which makes time 
and space discrete, where the position of a pedestrian in the next time step is decided 
based on a local set of rules adopting a parallel update principle. It is said that using 
CA improves the computational and simulation speed when modelling a huge crowd 
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of pedestrians, which not possible in traditional pedestrian simulation models like the 
social force model. 
 
However, the CA based microscopic pedestrian simulation models are theoretical in 
nature without any consideration to real life crowd behaviour. Being more specific, 
these models only highlight where a pedestrian would move from one time step to the 
next one based on a number of mathematical principles, which are supposedly based 
on accepted principles of mathematics and human expectation (e.g. route choice, 
collision avoidance etc). Therefore, it is doubtful whether these models would be 
capable to successfully simulate pedestrian crowd behaviour in real life pedestrian 
facilities. 
 
One of the latest available CA based microscopic pedestrian simulation models is the 
Dynamic Parameters Model (DPM) (Yue et al, 2007; Yue et al, 2010). The salient 
feature of the model is that it involves several dynamic parameters reflecting various 
considerations of pedestrian movement (e.g. destination of movement, crowdedness 
of the neighbourhood etc), the aggregation of which results in a quantity named 
‘transition payoff’. The direction of movement of a pedestrian from one time step to 
the next is decided based on the maximum value of the transition payoff in the local 
neighbourhood of a pedestrian. Subject to resolution of conflict among pedestrians, 
movement is executed in terms of parallel update of the pedestrians’ positions. 
However, no matter how attractive the mechanism of movement seems to be, the 
model is also theoretical in nature like other CA based microscopic pedestrian 
simulation models. Therefore, it is necessary to perform further study on this model, 
in order to check its effectiveness. 
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1.2 Objective of the Study 
 
Because the Dynamic Parameters Model (DPM) of microscopic pedestrian simulation 
is based solely on theoretical considerations, which is also the case with other Cellular 
Automaton (CA) based models of microscopic pedestrian simulation, the validity of 
this model is questionable. This study intends to perform a critique on DPM to 
identify its strengths and weaknesses. For this purpose, the model would be 
reconstructed in a computing environment for further analysis. A sensitivity analysis 
would be carried out to identify how the output parameters vary with the variation of 
input parameters and finally, extensions and modifications will be suggested. 
 
1.3 Research Methodology 
 
Yue et al (2010) has comprehensively presented all the details of DPM on the 
mechanism associated with the movement of pedestrians including the arrangement of 
cells, boundary conditions and update rules of positions from one time step to the 
next. The objective of performing a critique on DPM can only be achieved by 
reproducing the proposed model in a computing environment based on the careful 
understanding of the mechanism and subsequent development of algorithm and 
codification. This would enable to run the model by varying the input parameters in 
diverse ways and understand its behaviour under various ranges of input parameters. 
In order to understand the realism of the model, a sensitivity analysis needs to be 
carried out to find out how the output parameters vary with the change of input 
parameters like directional split, system size and right hand parameters. 
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1.4 Organisation of the Thesis 
 
Chapter 2 presents an in depth literature review on Cellular Automaton (CA) based 
pedestrian simulation models. The chapter provides an overview on the concept of 
CA including grid, states, neighbourhood and rules. The chapter highlights the 
existing pedestrian simulation models using the methodology of CA including single 
cell models and multi cell models, movement models and evacuation models, bi-
directional models and multi-directional models etc. Finally, a detailed description of 
Dynamic Parameters Model (DPM) has been presented to highlight its concepts and 
mechanisms along with mathematical relations. 
 
In Chapter 3, a comprehensive description of the reconstruction of DPM in a 
computing platform has been presented. The chapter covers a brief explanation behind 
the selection of computing platform followed by the conceptual flowchart of model 
construction. It then describes the algorithm used for the reconstruction of the model 
on a step by step basis with due consideration to the description of the original DPM. 
The various terms pertaining to DPM have also been highlighted. Finally, a statistical 
check has been provided to verify whether the simulation results from the 
reconstructed model differ significantly from those of the original model. 
 
Chapter 4 performs a comprehensive sensitivity analysis to identify the pattern of 
variation of output parameters such as flow, speed and velocity as well as critical 
density with the variation of input parameters such as directional split, system size 
and right hand parameter. Analysis has been carried out and the results have been 
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presented diagrammatically to demonstrate the effect of six different directional splits, 
three different system sizes and three different right hand parameters. Finally, the 
variation has been interpreted and explained with respect to the principles associated 
with DPM. 
 
In Chapter 5, a summary has been presented on the whole thesis. The chapter also 
presents recommendations to make improvements and extensions to DPM, in order to 
make it more suitable for use in the simulation of pedestrians in various facilities by 


















Cellular Automaton (CA) has multiple applications in various fields including 
transportation (Maerivoet and De Moor, 2005). This methodology has the potential to 
achieve higher simulation speeds by making time and space discrete. One of the 
applications of CA lies in the field of microscopic pedestrian simulation, for which 
multiple models have been proposed including the Dynamic Parameters Model 
(DPM). This chapter gives an overview on the methodology of CA, which is followed 
by short descriptions of existing CA based microscopic pedestrian simulation models. 
Finally, an overview on DPM has been presented. 
 
2.2 Overview of Cellular Automaton (CA) 
 
Cellular Automaton (CA) (Wolfram, 2002) is defined as a collection of cells, which 
are arranged in a grid, where the state of each cell in the next time step is decided 
based on the current state of its own and those of its neighbouring cells. More 
specifically, at every time step, there is a definite rule that determines the state of a 
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given cell from the state of that cell and its neighbourhood on the preceding time step. 
CA models are simple, discrete and dynamic mathematical models capable of 
showing complicated behaviour. An important feature of CA is that their behaviour 
can readily be presented in a visual way. 
 
From a theoretical point of view, four main ingredients play an important role in 
cellular automata models: 
 The Physical Environment 
 The Cells’ States 
 The Cells’ Neighbourhood 
 A Local Transition Rule 
 
The physical environment defines the universe on which the CA is computed. This 
underlying structure consists of a discrete lattice of cells with a rectangular, hexagonal 
or other topology. Typically, these cells are all equal in size and the lattice itself can 
be finite or infinite in size, and its dimensionality can be 1 (a linear string of cells 
called an elementary cellular automaton), 2 (a grid) or even higher dimensional. In 
most cases, a common assumption is that the lattice in CA is embedded in a Euclidean 
space. 
 
Each cell can be in a certain state, where typically an integer represents the number of 
distinct states a cell can be in. A cell’s state is not restricted to such an integer 
domain, as a continuous range of values is also possible, in which case coupled map 
lattices are dealt with. The states of all cells are called collectively a CA’s global 
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configuration. This convention asserts that states are local and refer to cells, while a 
configuration is global and refers to the whole lattice. 
 
For each cell, a neighbourhood is defined that locally determines the evolution of the 
cell. The size of neighbourhood is the same for each cell in the lattice. In the simplest 
case, the neighbourhood consists of the cell itself plus its adjacent cells. In a two-
dimensional rectangular lattice, there are several possibilities. For example, with a 
radius of 1, there are (besides the cell itself) the four North, East, South and West 
adjacent cells (von Neumann neighbourhood), or these cells as well as the diagonal 
cells (Moore neighbourhood). As the dimensionality of the lattice increases, the 
number of direct neighbours of a cell increases exponentially. 
 
The local transition rules act upon a cell and its direct neighbourhood, such that the 
cell’s state changes from one discrete time step to another. The CA evolves in time 
and space as the rule is subsequently applied to all the cells in parallel. Typically, the 
same rule is used for all the cells (if the converse is true, then the term hybrid CA is 
used). When there are no stochastic components present in this rule, the model is 
called a deterministic CA, as opposed to a stochastic (also called probabilistic) CA. 
 
2.3 Overview of CA Based Pedestrian Simulation Models 
 
The application of Cellular Automata (CA) to model pedestrian dynamics can be 
found in literature in models, which vary widely. There are several types of models 
such as Two Process Model, Lattice Gas Model, Floors Model, Pre-Fixed 
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Probabilities Model, Dynamic Parameters Model, Real Coded Model and Multi Grid 
Model. In the following paragraphs, these models have been briefly highlighted. 
 
Blue and Adler (1998) as well as Blue and Adler (2001) proposed the Two Process 
CA model to simulate bi-directional pedestrian flow on pedestrian walkways. They 
showed that a small rule set is capable of effectively capturing the behaviour of 
pedestrians at micro level. The rule set constitutes two different processes namely 
‘Lane Change’ and ‘Step Forward’, where a parallel update of the cells take place in 
each of the processes. In the former, the conflicts are eliminated and gaps are sough 
that advances the forward movement of pedestrians. In the latter, the velocity is 
updated and the pedestrian is moved forward. 
 
The Lattice gas model was originally proposed by Muramatsu et al (1999). This 
model is a nothing but a biased random walk model, where the probability of moving 
from one cell to another cell depends on the configuration of the neighbourhood in 
terms of their degree of occupation. A drift parameter is introduced which represents 
the strength of attraction that is felt by the pedestrian in the direction of his desired 
movement. Later works on the model (Nagatani, 2001; Tajima et al, 2001) investigate 
pedestrian channel flow at a bottleneck under open boundary conditions. A further 
modification of the model (Tajima et al, 2002) introduced the concept of ‘front 
region’ to represent the visual field of pedestrians. Finally, Jiang et al (2007) 
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In the Floors Models (Burstedde et al, 2001; Kirchner and Schadschneider, 2002), a 
static floor field (S) and a dynamic floor field (D) has been suggested, which would 
lead to the computation of the probabilities associated with a pedestrian moving to 
neighbouring cells. The former does not change with time and is used to specify 
regions of space that are more attractive for the pedestrians. The latter is updated with 
time and is nothing but a virtual trace left by the pedestrians. Kirchner et al (2003) 
also attempted to address the issue of clogging by introducing a friction parameter in 
these models. Subsequently, these models have gained widespread popularity to 
model pedestrian evacuation from buildings and closed spaces (Varas et al, 2007; 
Tanimoto et al, 2010; Zheng et al, 2010). 
 
In the Pre-Fixed Probabilities Models (Fang et al, 2003; Li et al, 2005), a Von 
Neumann neighbourhood was specified for each pedestrian occupying a cell and 
depending on the presence or absence of other pedestrians towards that direction or 
opposite direction, probabilities were specified for the pedestrian under question for 
movement in various feasible directions or being unmoved. A modified version has 
been proposed by Weng et al (2006), which takes into account of differences in 
walking velocities between the core pedestrian and the leader walking in the same 
direction. Later on, Yu and Song (2007) have expanded the model by the inclusion of 
cells beyond the Von Neumann neighbourhood, which spans an influence area of 
several cells. An improved model of this type reflecting the right moving preference 
of pedestrians have later been proposed by Yang et al (2008). 
 
Yue et al (2007) introduced the dynamic parameters model of pedestrian dynamics to 
simulate bi-directional and four-directional pedestrian flows. The essence of the 
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model is the computation of the ‘transition payoff’ for each of the cells occupied by a 
pedestrian, which contains four components reflecting direction, occupancy of 
surrounding cells, degree of emptiness of the vision conscious field and degree of 
homogeneity of other pedestrians in the vision conscious field. The computed 
transition payoff governs the direction towards which the pedestrian will move in the 
next time step (the maximum of the nine cells in the neighbourhood). This model was 
later modified by Yue et al (2010) by introducing the right hand parameter, in order to 
reflect the preference of the pedestrians to select a particular direction of the walkway 
when walking. This model would be discussed in detail in the following section. 
 
Yamamoto et al (2007) proposed the Real Coded Cellular Automata (RCA) model, 
which allowed the movement of pedestrians in any oblique direction with a 
continuous velocity distribution, which would later be discretised to a particular grid 
point based on some probability measures and by breaking down the velocity into 
integer part and fractional part, in order to fulfil the requirements of CA. This was a 
novel idea because its predecessor models mostly allowed only a finite number of 
directions of movement with constant velocity. 
 
Unlike the conventional CA models of pedestrian dynamics covering only one cell per 
pedestrian, Song et al (2006) proposed the multi grid model, where a pedestrian can 
occupy multiple grids instead of one. This model has the capability to reflect the 
behaviour of pedestrians walking close to each other. 
 
In Table 2.1, a summary has been presented regarding the strengths and weaknesses 
of the well established CA models of microscopic pedestrian simulation. It is obvious 
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that the CA models (including the Dynamic Parameters Model) have been developed 
on a theoretical basis with little emphasis on true human behaviour. As a result, it is 
questionable whether these models have any practical value regarding real world 
pedestrian simulation for the assessment of capacity and level of service of pedestrian 
facilities. Therefore, it is highly recommended that a critique should be performed on 
one of them (more specifically DPM) by reproducing it in a computing environment. 
 
Table 2.1:  Summary of CA Models of Microscopic Pedestrian Simulation 
Model Author Strength Weakness 
Two 
Process 
Blue & Adler (1998) 
Blue & Adler (2001) 
Allows variability in 
speed of pedestrians 
Unable to deal with 




Muramatsu et al (1999) 
Nagatani (2001) 
Tajima et al (2001) 
Provides a few 
guidelines in route 
choice 
Merely a modified 
version of biased random 
walk theory 
Floors 
Burstedde et al (2001) 
Kirchner et al (2002) 
Kirchner et al (2003) 
Introduces the concept of 
floor fields 





Fang et al (2003) 
Li et al (2005) 
Weng et al (2006) 
Easiest to understand 




Yue et al (2007) 
Yue et al (2010) 
Introduces the concept of 
vision conscious field 
Fails to address 
pedestrians’ intelligent 
ability to avoid 
congestion 
 
2.4 Overview of Dynamic Parameters Model 
 
The Dynamic Parameters Model (DPM) was initially proposed by Yue et al (2007) 
presenting a methodology of pedestrian simulation for two pedestrian streams, which 
are at right angles to another. A later paper by the same authors (Yue et al, 2010) 
presented the same model, where the two pedestrian streams are opposite to each 
other and the concept of right hand parameter is introduced. This section will give an 
overview of DPM based on the later paper. 
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The model is defined on a discrete W by W cell grid in the two-dimensional system, 
where the system contains two types of pedestrians: the up pedestrian and the down 
pedestrian, where W is the system size. Each cell can either be empty or occupied by 
no more than one pedestrian. The simulation procedure is divided into discrete time 
steps. In every time step, one pedestrian can move a maximum of only one cell. 
 
The system has four boundaries: upper and bottom, left and right boundaries. Periodic 
boundary condition is adopted for the upper and bottom boundaries, and closure 
boundary condition is adopted for the left and right boundaries, i.e. when the up 
pedestrian reaches the upper boundary, he or she walks through the upper boundary 
and re-enters the system from the bottom boundary. Similarly, when the down 
pedestrian reaches the bottom boundary, he or she walks through the bottom boundary 
and re-enters the system from the upper boundary. Up and down pedestrians are 
prohibited from crossing the left and right boundaries. Therefore, the number of 
pedestrian in the system is fixed in every time step. 
 
In every time step, pedestrian can choose any cell of a 3 by 3 field, i.e. the movement 
field as the possible choice of position. Pedestrians choose to wait or move according 
to the corresponding transition payoff and a 3 by 3 matrix of transition payoff is 
constructed for each pedestrian to describe the transition payoffs for the pedestrian to 
make choices. Each element of the matrix of transition payoffs corresponds to the 
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In the system, every cell possesses four dynamic parameters: Direction-parameter, 
Empty-parameter, Forward-parameter and Category-parameter, in the movement 
field. Accordingly four associated 3 by 3 matrixes are constructed for each pedestrian. 
Take the up pedestrian as an example to illustrate the computation of the four 
dynamic parameters. 
 
The values of elements of Direction parameter are given as: 
 1 for the forward cell 
 -1 for the backward cell 
 0 for the middle row cells 
 0.7 and -0.7 for the forward and backward diagonal cells respectively 
 
The values of elements of Empty parameter are given as: 
 1 for empty cells 
 0 for core cell 
 -1 for occupied cells 
 
The values of elements of Forward parameter are given as follows, where S1F is the 
number of empty cells and S2F is the number of occupied cells in the vision-
conscious field: 
 (S1F-S2F)/15 for the target cells not next to the closure boundary 
 (S1F-S2F)/10 for the target cells next to the closure boundary 
 
The values of elements of Category parameter are given as follows, where S1C is the 
number of empty cells and pedestrians in the vision-conscious field, who are 
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homogeneous with the subject at the core cell in the movement field and S2C is the 
number of pedestrians in the vision-conscious field, who are not in the same 
destination with the subject at the core cell in the movement field: 
 (S1C-S2C)/15 for the target cells not next to the closure boundary 
 (S1C-S2C)/10 for the target cells next to the closure boundary 
 
In the computation of both Forward-parameter and Category-parameter, the 
proportion of the number of empty cells is considered. The proportion of empty cells 
in the Forward-parameter reflects the empty cells’ attraction to pedestrians to enter the 
target cell, which is used to indicate that pedestrians generally choose to move toward 
the front field containing more empty cells which render more opportunities for 
pedestrians to choose in the movement toward the destination so as to avoid jamming. 
And for the Category-parameter, the empty cells are considered to be the 
homogeneous pedestrians with the subject at the core cell in the movement field, 
because the pedestrian will feel the movement is equally smooth in the group with 
pedestrians moving in the same direction or in a field containing empty cells without 
interference between pedestrians like position exchanging and head-on conflicting. 
 
The transition payoff values for each target cell for any pedestrian can be found by 
summing up the individual dynamic parameters. 
 
The update rules from one time step to another are listed as follows: 
 In the model, the pedestrian can only move one cell and has nine possible 
target positions to select in each time step. 
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 In every time step, the target cell chosen by each pedestrian is based on the 
transition payoffs obtained in the previous step. The pedestrian would choose 
the cell with the largest value in the matrix of transition payoff as his or her 
target position. If over two possible target cells rank largest, only one of them 
will be chosen as the target position randomly with equal probability. 
 A conflict occurs when any two or more pedestrians attempt to move to the 
same target position. In this situation, only one of them will be chosen 
randomly with equal probability. The selected pedestrian moves to the 
corresponding cell and the unselected pedestrians stay at the original position 
and will not move to any other cell. 
 Within a time step, if and only if two pedestrians simultaneously choose each 
other's presently occupied cell as their target position, the mutual position 
exchange will occur between the two pedestrians. When the position exchange 
takes place, the action is successfully fulfilled. 
 All the rules must be applied to all the pedestrians at each time step and 
parallel update of rules are adopted. 
 
From the Right-hand parameter’s view, pedestrians are attracted by the right-hand 
side positions and repelled by the left-hand side positions. As a result, they are 
inclined to move to the right part of the movement field and have a tendency to 
choose a right-hand position as his or her next target position. In the same way, the 
middle column positions have neither attractiveness nor repulsive force to the 
pedestrians considering their preference for the right side. Therefore, in the movement 
field, the Right-hand parameter value of the right-hand side cells is a positive 
parameter, reflecting the attractiveness of the right-hand side positions to the 
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pedestrian; the value of the left-hand side cells is a negative parameter, reflecting their 
repulsive force; and the value of the middle cells is zero. 
 
The values of elements of Right-hand parameter are given as: 
 r for the cell position of the right hand side of the pedestrian 
 0 for the cell position in the middle column 
 -r for the cell position of the left hand side of the pedestrian 
 
Considering the right hand parameter, the transition payoff is nothing but the 




In this chapter, a brief overview on the methodology of Cellular Automaton (CA) has 
been presented including various ingredients of CA such as grid of cells, states, 
neighbourhood and rules. This chapter also presented brief overview on the existing 
CA based microscopic pedestrian simulation models of various types. Finally, an 
elaborate description of the Dynamic Parameters Model (DPM) has been presented 
















As discussed in the previous chapters, the recent and past Cellular Automaton (CA) 
models of pedestrian movements are purely based on theory without any 
consideration to real world data on pedestrian movement. Therefore, the Dynamic 
Parameters Model (DPM) proposed by Yue et al (2010) was chosen for further study, 
which requires a complete reconstruction of the model on the basis of the mechanism 
of pedestrian movement presented in the original work. This chapter presents an in-
depth and step-by-step description of the reconstruction process of the model using a 
computing platform. The chapter also highlights the key issues associated with DPM, 
which would later be useful in sensitivity analysis. 
 
3.2 Selection of Computing Platform 
 
For the reconstruction of the model, selection of computing platform is important in 
the sense that it reflects the ease, efficiency and simplicity on the part of the 
programmer, at which the algorithms associated with the model can be codified. In 
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making a decision on the selection of a computing platform, two important factors 
need to be kept in mind: 
 Firstly, the platform should be the one, which enjoys the advantage of ease of 
learning with little effort. It is preferable that coding should be able to be 
performed using minimum words. 
 Secondly, the platform should be able to handle data in an efficient way. That 
is, declaration and storage of data should be performed such that they can be 
easily kept track of. 
 
In this research, it was decided to use MATLAB as the computing platform to 
reproduce the DPM. The advantage of using MATLAB is that it is not only easy to 
code, but also it contains a lot of built in functions as well as comprehensive 
documentation, which simplify the task of the programmer. Also, it grants the 
privilege to visualise the microscopic animation of a simulation model with just a few 
lines of code, which would otherwise be very laborious in languages like C++ or Java. 
However, the only drawback of MATLAB is that its execution of codes is 
comparatively slower because of its being an interpreted language. 
 
3.3 Conceptual Structure of the Model 
 
As suggested by the original work by Yue et al (2010), the DPM consists of a number 
of distinct steps, which can be broken down into distinct segments of algorithm for 
the reconstruction of the model. Figure 3.1 shows the conceptual structure of the 

























Figure 3.1:  Conceptual Structure of the Reconstruction of DPM 
 
In the following sections, a comprehensive explanation will be provided on the 
various steps of DPM regarding its reconstruction using MATLAB. This would 
include quotation from the original work stating the mechanism, description of 
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associated variables (including their dimensions) and the algorithm adopted in this 
research to codify it in the MATLAB environment. 
 
3.4 Assignment of Input Parameters 
 
The principle from the original work is enumerated below: 
 “CA-based bi-direction pedestrian flow model is defined on a discrete W by 
W cell grid in the two-dimensional system, where the system contains two 
types of pedestrians: the up pedestrian and the down pedestrian and W is the 
system size. Each cell can either be empty or occupied by no more than one 
particle. The simulation procedure is divided into discrete time steps. In every 
time step, one pedestrian can move only one cell” 
 
In the reconstructed model, the following four input parameters are specified 
explicitly in the form of scalar quantities, which would be defined and explained later 
in this section: 
 System Size (W) 
 Density (k) 
 Directional Split (d) 
 Right Hand Parameter (r) 
 
The system size (W) is defined as the length of one side of the whole simulation 
system. The length is referred as the number of cells. For convenience, this input 
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Density is defined as the number of pedestrians in the system, divided by the total 
number of cells on the system, which in other words is the average number of 







        (3.1) 
 
In the above equation: 
k = Density (pedestrians per cell) 
N = Total number of pedestrians in the system 
W = System size 
 
Because the conservation of the total number of pedestrians has been ensured by the 
imposition of periodic boundary conditions in the direction of movement, density is 
constant for a given simulation run. If the cell size is equal to 0.4 metres and time step 
is equal to 0.3 seconds, the density of one pedestrian per cell would be equivalent to a 
real life density of 6.25 pedestrians per square metre. 
 
Directional split (which is a dimensionless number) is defined as the number of up 
pedestrians in the system, divided by the total number of pedestrians in the system. 
Similar to density, this parameter is also constant during a simulation run. It is 
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In the above equation: 
d = Directional split 
N = Total number of pedestrians in the system 
NU = Total number of up pedestrians in the system 
 
The right hand parameter is one of the input parameters reflecting the tendency of 
people to move to the right when encountering another pedestrian. In order to form 
the right hand dynamic parameter matrix (discussed later), for the moving pedestrians 
with due consideration to their direction of movement, in their right hand column of 
the movement field (local coordinate system), positive values of r are introduced, 
whereas negative values are introduced for their left hand column. 
 
3.5 Generation of Initial Conditions 
 
The principle from the original work is enumerated below: 
 “Initially, the two types of pedestrians are distributed randomly in the system” 
 
The key variables at this step are described as follows: 
 Random initialisation matrix (initx): It is a global two dimensional (n-by-n) 
matrix, where each cell contains a random number seed between zero and one. 
 State matrix (z): It is a global two dimensional matrix (n-by-n), where each 
cell represents the state of that cell such that 0, 1 and 2 represent empty cell, 
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The idea is that the initial state of a cell will be decided based on the random number 
seed with due consideration to the specified density and specified split. However, 
because the process is solely based on a random number seed for each cell, there is no 
guarantee that the resulting real density and real split would be in agreement with 
their specified counterparts, although their expected values are equal. Therefore, it is 
necessary to check between specified and real values of density and split to decide 
whether the randomly generated state matrix will be accepted to be proceeded with, or 
rejected for a new state matrix based on a new configuration of random initialisation 
matrix (initx). In this research, a tolerance limit of 0.005 has been adopted for both 
density or split to make decision regarding acceptance or rejection of the state matrix. 
For example, if the specified density is 0.5 (pedestrians per cell) and the specified 
split is 0.4, the state matrix based on random initialisation matrix will accepted for 
further steps, if and only if the real density is between 0.495 and 0.505 (pedestrians 
per cell) exclusive as well as the real split is between 0.395 and 0.405 exclusive. The 
process is repeated until both the density and split are within tolerance limit. 
 
The step-by-step algorithm is described as follows: 
 Step 1: Define a square two dimensional initialisation matrix consisting of 
random number seeds, the size of which is equal to the system size 
 Step 2: Construct a two dimensional square state matrix of the same size as the 
system size, the elements of which are decided based on the following rules 
regarding the corresponding cell in the random initialisation matrix: 
o If the initx value is less than kd, assign a value of 1 in the 
corresponding cell of the z matrix 
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o If the initx value is greater than or equal to kd and less than k, assign a 
value of 2 in the corresponding cell of the z matrix 
o If the initx value is greater than or equal to k, assign a value of 0 in the 
corresponding cell of the z matrix 
 Step 3: Calculate the real density and real  
 Step 4: Ask the question “Is the real density and real split of pedestrians in the 
initialised state matrix z within tolerance limits of the specified density and 
specified split”? 
o If the answer is „Yes‟, go to Step 5. 
o If the answer is „No‟, reset the state matrix and go to Step 1. 
 Step 5: Proceed to calculate the dynamic parameters 
 
3.6 Calculation of Dynamic Parameters and Transition Payoff 
 
The principles from the original work are enumerated below: 
 “The values of elements of Direction-parameter matrix are given as”: 
o “1 for the middle cell in the upper row” 
o “0.7 for the upper-left and upper-right cell in the upper row” 
o “0 for the cells in the middle row” 
o “-0.7 for the down-left and down-right cell in the bottom row” 
o “-1 for the middle cell in the bottom row” 
 “The values of elements of Empty-parameter matrix are given as”: 
o “1 for empty cells” 
o “0 for the core cell” 
o “-1 for occupied cells” 
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 “When the values of Forward-parameter and Category-parameter are 
computed, a 3 by 5 or 2 by 5 vision-conscious field for the pedestrian is 
adopted” 
 “The value of elements of Forward-parameter matrix is given as”: 
o “(S1F-S2F)/15 for the target cells which are not next to the closure 
boundary” 
o “(S1F-S2F)/10 for the target cells which are next to the closure 
boundary” 
 “The value of elements of Category-parameter matrix is given as”: 
o “(S1C-S2C)/15 for the target cells which are not next to the closure 
boundary” 
o “(S1C-S2C)/10 for the target cells which are next to the closure 
boundary” 
 “The value of the elements of the Right-hand parameter matrix is given as”: 
o “r for the cell position of the right-hand side of the pedestrian” 
o “0 for the cell position in the middle column” 
o “-r for the cell position of the left-hand side of the pedestrian” 
 
The key variables associated with this stage are listed as follows: 
 Direction parameter matrix (D) 
 Empty parameter matrix (E) 
 Forward parameter matrix (F) 
 Category parameter matrix (C) 
 Right hand parameter matrix (R) 
 Transition payoff matrix (P) 
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All the aforementioned matrices are four dimensional (3-by-3-by-n-by-n) with a 3-by-
3 local component representing the local neighbourhood and an n-by-n global 
component representing the position within the system. 
 
The step-by-step algorithm is described below: 
 Step 1: Initialise the D matrix 
 Step 2: Assign values to the local neighbourhood of D depending on direction 
of pedestrian with due consideration to the presence of boundaries unless the 
cell under consideration is empty, where a negative penalty value of -5 is 
assigned 
 Step 3: Initialise the E matrix 
 Step 4: Evaluate each of the cells of the state matrix corresponding to the local 
neighbourhood of the cell under consideration based on the following 
principle: 
o If the cell under consideration is empty, assign a negative penalty value 
of -5 for each cell of the local neighbourhood of the „E‟ matrix 
o If the cell under consideration is occupied, assign values depending on 
emptiness or fullness of the cells of the local neighbourhood 
 Step 5: Initialise the F matrix 
 Step 6: Calculate S1F and S2F values for each of the cells separately for up 
pedestrians and down pedestrians depending on the presence of the number of 
cells matching the S1F and S2F criteria in the vision conscious field relevant 
to F matrix of that particular cell 
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 Step 7: Calculate values of the elements of the local neighbourhood of F 
depending on direction of pedestrian and the corresponding calculated values 
of S1F and S2F 
 Step 8: Initialise the C matrix 
 Step 9: Calculate S1C and S2C values for each of the cells separately for up 
pedestrians and down pedestrians depending on the presence of the number of 
cells matching the S1C and S2C criteria in the vision conscious field relevant 
to „C‟ matrix of that particular cell 
 Step 10: Calculate values of the elements of the local neighbourhood of C 
depending on direction of pedestrian and the corresponding calculated values 
of S1C and S2C 
 Step 11: Initialise the R matrix 
 Step 12: Assign values to the local neighbourhood of R depending on direction 
of pedestrian and right hand parameter with due consideration to the presence 
of boundaries unless the cell under consideration is empty, where a negative 
penalty value of -5 is assigned 
 Step 13: Sum up the matrices D, E, F, C and R to get the 4-dimensional 
transition payoff matrix P 
 Step 14: Proceed to perform conflict resolution 
 
3.7 Resolution of Conflicts between Pedestrians 
 
Principles regarding conflict between pedestrians are enumerated below: 
 “A conflict occurs when any two or more pedestrians attempt to move to the 
same target position. In this situation, only one of them will be chosen 
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randomly with equal probability. The selected pedestrian moves to the 
corresponding cell and the unselected pedestrians stay at the original position 
and will not move to any other cell” 
 “All the rules must be applied to all the pedestrians at each time step and 
parallel update of rules are adopted” 
 
From the above quotes, the following questions arise about conflict resolution about 
which there is no guideline in the original work: 
 What if the originally occupied cells of randomly decided losers (those who 
fail to move to the target cell in case of conflict) are being targeted by one or 
more other pedestrians, resulting in a „chain of conflict‟? 
 How to make use of the concept of parallel update of pedestrian positions, 
when it is not known beforehand with certainty where all the pedestrians are 
finally moving? 
 
In order to address this, an iterative approach has been used in the reproduced model, 
for the purpose of conflict resolution. The algorithm for the iterative approach of 
conflict resolution has been described as follows: 
 Step 1: Construct a 4-dimensional target matrix, based on the 4-dimensional 
„maximum transition payoff‟ matrix. The first two dimensions represent local 
neighbourhood (3 by 3), whereas the last two dimensions represent global 
coordinate system. For a particular cell of the coordinate system, the elements 
of local neighbourhood for „target‟ matrix are decided as follows: 
o Assign a value of unity, if a pedestrian from the corresponding 
direction is targeting the cell in question based on the maximum value 
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of transition payoff for the pedestrian. A special case occurs if the 
pedestrian in the cell in question of „target‟ matrix is not targeting any 
other cell, which results in a value of unity for the core cell of the local 
neighbourhood. 
o Assign a value of zero, if no pedestrian is targeting the cell in question 
from that direction. 
 Step 2: Construct a 2-dimensional targetsum matrix, the elements of which 
denote the number of pedestrians targeting each cell of the global coordinate 
system. 
 Step 3: Construct a 2-dimensional conflict matrix, the elements of which 
denote the presence of conflict for each cell of the global coordinate system 
(value of unity is assigned if the corresponding element of the „targetsum‟ 
matrix is greater than one, zero is assigned otherwise). 
 Step 5: Ask the question “Is the summation of all the elements of the „conflict‟ 
matrix greater than zero”? 
o If the answer is „Yes‟, go to Step 6. 
o If the answer is „No‟, go to Step 12. 
 Step 6: Construct a 4-dimanesional targetfinal matrix, based on the „target‟ 
matrix. The following principles are employed: 
o If the core cell of the „target‟ matrix is unity, keep it as it is and make 
all other values of unity as zero to reflect the fact that the no other 
pedestrian execute the movement to the position of an unmoved 
pedestrian. 
o If the core cell of the „target‟ matrix is zero, randomly keep one of the 
unity elements unchanged and render the remaining ones as zero to 
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reflect the fact that randomly one of the selected pedestrians are 
accepted for movement to the target cell. 
 Step 7: Construct a 4-dimensional „revised maximum transition payoff‟ matrix 
based on the targetfinal matrix. For a particular cell of the global coordinate 
system, the elements of local neighbourhood for the matrix are decided as 
follows: 
o Assign a value of unity to the boundary cells of the local 
neighbourhood, if the target is finalised in that direction. 
o Assign a value of unity to the core cell of the local neighbourhood, if 
the target is not accepted in that direction. 
o Assign a value of zero, if the case is something else. 
 Step 8: Construct a 4-dimensional target matrix based on the 4-dimensional 
„revised maximum transition payoff‟ matrix using the principles of Step 1. 
 Step 9: Construct a 2-dimensional targetsum matrix using the principles of 
Step 2. 
 Step 10: Construct a 2-dimensional conflict matrix using the principles of Step 
3. 
 Step 11: Go to Step 5. 
 Step 12: Construct a 2-dimensional temporary space matrix representing 
positions of all pedestrians in the next time step, where the elements are 
decided based on the finalised target cells of pedestrians from the current time 
step. 
 Step 13: Compute average speed, velocity and flow from the conflict resolved 




NATIONAL UNIVERSITY OF SINGAPORE 32 
 
3.8 Update of Positions of Pedestrians 
 
The principles from the original work are enumerated below: 
 “All the rules must be applied to all the pedestrians at each time step and 
parallel update of rules are adopted” 
 
The step-by-step algorithm is described below: 
 Step 1: Assign the space matrix equal to the temporary space matrix, which 
would assist in the ascertainment of macroscopic parameters. 
 Step 2: Construct the space matrix of pedestrians for the next time step based 
on the conflict resolved „maximum transition payoff matrix‟. 
 Step 3: Assign the space matrix equal to the space matrix of pedestrians 
obtained for the next time step. 
 
3.9 Calculation of Macroscopic Parameters 
 
In the developed model, the following output macroscopic parameters will be used for 
analysis and experimentation with the model: 
 Speed (u) 
 Velocity (v) 
 Flow (q) 
 
The average velocity of pedestrians for a particular time step is defined as the 
proportion of pedestrians proceeding by one cell to their desired direction of 
movement by moving to one of the forward cells of the 3 by 3 movement field. 
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Because the movement field of the model allows backward movement if necessary, 
the average speed would be calculated with due consideration to the backward 
movement (i.e. movement to one of the backward cells of movement field). It can be 







      (3.3) 
 
In the above equation: 
vij = Average velocity in time step i of simulation run j (cells per time step) 
N = Total number of pedestrians in the system 
NUF = Number of up pedestrians moving forward for i (Northbound) 
NDF = Number of down pedestrians moving forward for i (Southbound) 
NUB = Number of up pedestrians moving backward for i (Southbound) 
NDB = Number of down pedestrians moving backward for i (Northbound) 
 
If the cell size is equal to 0.4 metres and time step is equal to 0.3 seconds, the speed of 
one cell per time step is equivalent to a real life speed of 1.33 metres per second. 
However, the definition of velocity given by equation (3.3) is different from the one 
adopted in the original model by Yue et al (2010), which takes into account of any 
movement to compute speed immaterial of the direction. This would be expressed by 
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In the above equation: 
uij = Average speed in time step i of simulation run j (cells per time step) 
NM = Number of pedestrians moving in any direction for i 
N = Total number of pedestrians in the system 
 
The flow for a particular time step is defined as the number of pedestrians crossing 
the periodic boundary during that time step. For computational purposes, flow per 
width would be used for analysis. Similar to the convention adopted for the 
computation of speed, the computation of flow would take into account of forward 
moving pedestrians as well as backward moving ones through the periodic boundary. 






      (3.5) 
 
In the above equation: 
qij = Flow per width in time step i of simulation run j (per width per time step) 
W = System size 
NU1 = Number of up pedestrians moving forward through top boundary for i 
ND1 = Number of down pedestrians moving forward through bottom boundary for i 
NU2 = Number of up pedestrians moving backward through bottom boundary for i 
ND2 = Number of down pedestrians moving backward through top boundary for i 
 
If the cell size is equal to 0.4 metres and time step is equal to 0.3 seconds, the flow of 
one pedestrian per width per time step would be equivalent to the real life flow of 500 
pedestrians per metre per minute. 
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3.10 Definition of Flow Conditions 
 
For a given combination of input variables such as system size (W), directional split 
(d) and right hand parameter (r), critical density is the one at which the phase 
transition of pedestrian traffic takes place. There are three distinct phases in 
pedestrian traffic such as: 
 Uninterrupted (U condition) 
 Forced (F condition) 
 Jammed (J condition) 
 
Under U condition, pedestrians quickly self organise themselves into single or 
multiple lanes of flow. In this case, both the average speed and average velocity are 
equal to unity and the flow is numerically equal to density. This condition is 
characterised by the fact that both the speed and velocity remain constant with 
increase in density and flow linearly increases with density.  Figure 3.2 shows an 
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Figure 3.2:  Example of U Condition 
 
Under F condition, pedestrians are not opposed by the ones moving in the opposite 
direction, but they push against the ones moving in the same direction. This condition 
is visible only when either the right hand parameter is in existence, or all the 
pedestrians move in the same direction. In the former case, the up pedestrians and 
down pedestrians will push against the ones moving in the same direction near the 
right and left closed boundaries respectively, whereas in the middle of the system, 
uninterrupted conditions may prevail. In F condition, speed and velocity fall from 
unity with the increase in density and although flow continues to rise with density, it 
either does at a decreasing rate or remains practically constant. Figure 3.3 shows a 
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Figure 3.3:  Example of F Condition 
 
Under J condition, pedestrians start to struggle against the ones moving in the 
opposing direction, in order to move forward. Two layers of pedestrians are formed, 
where the upper layer consists of down pedestrians and the lower layer consists of up 
pedestrians. The slope of the congested layer increases with the right hand parameter. 
Under this condition, all the macroscopic parameters such as speed, velocity and flow 
fall drastically from the ones found in the U or F condition and the increase in density 
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Figure 3.4:  Example of J Condition 
 
All three figures depicting three different phases of pedestrian traffic are nothing but 
graphical snapshots for a particular time step in the MATLAB environment. The 
central portion of the figures shows a snapshot of the simulation space in terms of the 
positions of pedestrians. Any vacant cell unoccupied with a pedestrian is shown in 
black colour, whereas red and green colours have been used for the cells filled up by 
an up pedestrian and down pedestrian respectively. The left hand side of the figures 
contain a few numerical values including input and output parameters. The four input 
parameters (system size, density, directional split and right hand parameter) are 
constant for a particular simulation run and they have been shown in blue. The three 
output parameters (flow, speed and velocity) aggregated and averaged over the 
simulation run beyond the time step 10000 are shown in red, which remain zero until 
the time step 10000 is reached and start being updated at each time step as soon as it 
exceeds 10000, while the values being used for statistical analysis and sensitivity 
analysis being the average of the respective parameters over 5000 time steps between 
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the ones 10001 and 15000. The other parameters have been shown in black, which 
update with each time step, such as time step number and instantaneous macroscopic 
parameters. 
 
3.11 Definition of Critical Densities 
 
Considering the presence of three regimes of pedestrian flow, in general there will be 
two critical densities kf and kj. The former would be defined as the density beyond 
which U condition is never attainable but F condition is attainable, whereas the latter 
would be defined as the density beyond which U or F condition is never attainable but 
J condition is attainable. 
 
Because all the simulations are based on random initial condition, instead of 
exhibiting a crisp value, kf and kj are rather expressed as a range, where the 
macroscopic parameters corresponding to upper bound of these densities would be 
used for the construction of macroscopic diagrams. This implies that there would be 
some densities, at which it is possible to attain more than one type of flow regimes 
based solely on the random initial conditions, given that in the majority of cases for a 
periodic system, F and J conditions are unrecoverable. Therefore, it is necessary to 
adopt a multiple trial technique to find out whether a particular density falls in to this 
ambiguous range. 
 
The following procedures were adopted to find out the critical density range: 
 Identify the potential zone where critical density is expected to occur. 
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 At an increment of density of 0.01, run the simulation ten times using different 
random initial conditions and visually observe the system to find out what 
regime is achieved.  
 Define critical density as the range, over which it is possible to attain more 
than one type of flow regime. 
 
3.12 Comparison of Results 
 
Once the model is developed, which is capable to produce results in terms of 
macroscopic parameters, it is necessary to compare between results, in order to verify 
whether the DPM has been reconstructed correctly. This can be achieved by checking 
whether the reconstructed model produces results that are in agreement with those 
produced by the original model. The paper by Yue et al (2010) presents macroscopic 
fundamental diagrams for flow and speed at 0.1 increments of density (between 0.1 
and 0.9 inclusive). Therefore, it is possible to carry out the comparison between the 
reconstructed and original model by making use of these diagrams. 
 
In this study, flows produced by the original model and the reconstructed model at 
various values of densities and directional splits would be compared for a system size 
of 40 and right hand parameter of 0. The simulation results for the original model 
were obtained graphically through linear interpolation up to three decimal places from 
the macroscopic fundamental diagram presented in Yue et al (2010). On the other 
hand, the simulation results for the reconstructed model were simply obtained from 
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The statistical technique of t-test was used for the comparison of original and 
simulated results, which simply finds out whether the mean values of two samples are 
statistically same based on the null hypothesis that the two means are equal. A t-
statistic is calculated based on the descriptive statistics of both samples and if the t-
statistic exceeds the critical value at a given significance level for a particular degree 
of freedom, the null hypothesis can be rejected concluding that the mean values of the 
two samples significantly differ. However, this technique requires that the sample size 
and sample standard deviation are known for both samples. Unfortunately, only the 
flow values can be known from the macroscopic fundamental diagram of flow from 
Yue et al (2010) and it is impossible to know the sample size to produce the mean 
flows and their associated dispersion. Therefore, it is assumed that the sample size is 
equal in both cases (two each) and the standard deviation of the original data is equal 
to that of the reproduced one. 
 
When using the statistical method of t-test, an important issue comes in place 
regarding its applicability in comparing two means. One of the prerequisite 
assumptions underlying the t-test is that the population distribution of the samples is 
approximately normal. It should be noted that all the macroscopic parameters 
obtained through simulation in both the original model and reconstructed model are 
based on the average values of the respective parameters over 5000 time steps 
(between time steps 10001 and 15000). Because the mechanism involved in DPM has 
a number of random issues involved (e.g. initial condition, conflict resolution etc), 
according to Central Limit Theorem, it is reasonable to assume that the macroscopic 
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Table 3.1 shows the summary of results of t-test on flow based on this assumption, 
where L and H represent the fact that the reproduced results are too low and too high 
respectively at a significance level of 5%. The p-values associated with each 
combination of density and split is given in brackets, including the cases where the 
simulated value is always equal to the original one resulting in a p-value of unity. It is 
evident from the table that in the majority of cases, there is no statistical difference 
between the original and reconstructed model. However, in the minority of cases 
where discrepancy can be observed, it was found that although the values differ 
significantly from each other, the general trend of variation (i.e. flow decreases with 
increase in directional split) is unchanged. Therefore, it is unlikely that the statistical 
differences would impact the findings of sensitivity analysis discussed later in 
Chapter 4. 
 
Table 3.1:  Summary of Results of Statistical t-Test 
Split 
Density 




















































































































The possible reasons behind some discrepancies between the results are as follows: 
 Error in reading diagram: The only occurrence of results in the original paper 
is in the form of diagrams, without providing precise values of the results in 
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tabular format. This leads to imprecision in reading values from diagram 
making it possible to read only up to three decimal places. 
 Ambiguity in interpretation and documentation: The mechanism associated 
with the movement of a pedestrian is subject to interpretation. Because most 
of the principles associated with the movement mechanism are in descriptive 
format, there is chance that various people may interpret them or document 
them in various ways depending on their verbal capability. 
 Variation in algorithm development: For each of the components of the 
movement mechanism, it is possible to develop algorithm for codification in a 
programming environment in more than one way. Although all the 
conceptually correct algorithms will produce the same results irrespective of 
programming language used, a logical error in this task on the part of the 




In this chapter, a comprehensive and step-by step description on the reconstruction of 
DPM has been given. For each step of the model development, the adopted algorithm 
was enumerated. The detailed methodology such as definition of input and output 

















The purpose of sensitivity analysis is to identify the pattern of variation of output 
parameters depending on the variation of input parameters. In case of the Dynamic 
Parameters Model (DPM), the purpose of sensitivity analysis would be to find out 
how the macroscopic parameters like flow, speed, velocity and critical density vary 
with the input parameters of the model such as directional split, system size and right 
hand parameter. In this chapter, a sensitivity analysis will be carried out on DPM and 
the patterns of variation will be explained. Because the order of magnitude of 
macroscopic parameters like flow, speed and velocity vary marginally in the 
congested part of the macroscopic fundamental diagram for a given set of values of 
input parameters, a semi logarithmic scale will be used to enhance the readability. 
 
The presented results are the average of six simulation runs for each combination of 
input parameters and flow, speed (or velocity) and density would be expressed in 
units of pedestrians per width per time step, cells per time step and pedestrians per 
cell respectively. It should also be noted that for the data points falling into the critical 
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density region for a particular combination of other input parameters, the macroscopic 
parameters representing the flow condition producing higher values will be 
considered in sensitivity analysis. 
 
Because the DPM contains a number of random parameters, it is quite obvious that 
there will be an inherent variation or dispersion in the output parameters for a given 
combination of input parameters. Therefore, the larger the sample size, the more 
representative the data would be for sensitivity analysis. There are statistical 
techniques available for the ascertainment of sample size, which necessitate that the 
dispersion association with the variable in question must be known beforehand in the 
form of population variance. In this study, because there was no scope to know the 
population variance of the output parameters for each and every combination of input 
parameters, it was decided to proceed with a sample size of six for each of the cases 
taking into account of the fact that the duration of each simulation runs increases 
disproportionately with system size. 
 
4.2 Effect of Directional Split 
 
Among the three input variables of DPM on which sensitivity analysis has been 
carried out, directional split (d) has been studied for sensitivity analysis most 
comprehensively. For this purpose, six different numerical values of directional split 
have been considered at 0.1 increments between 0 and 0.5 inclusive. The analysis has 
been carried out comprehensively for a right hand parameter of 0.1 and system size of 
30. The simulation results demonstrating the effect of directional split on flow, speed, 
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velocity and critical density based on the aforementioned combinations of input 
parameters have been presented in this section. 
  




 Critical Density 
d=0.0 d=0.1 d=0.2 d=0.3 d=0.4 d=0.5 
0.0 
kf 0.47-0.47 - - - - - 
kj - 0.38-0.40 0.36-0.37 0.35-0.38 0.36-0.37 0.34-0.37 
0.1 
kf 0.38-0.40 0.30-0.33 0.30-0.32 0.29-0.34 0.35-0.37 0.36-0.38 
kj - 0.51-0.55 0.43-0.46 0.39-0.44 0.39-0.41 0.37-0.40 
0.2 
kf 0.23-0.26 0.20-0.24 0.21-0.23 0.22-0.23 0.23-0.26 0.25-0.27 
kj - 0.65-0.70 0.55-0.59 0.47-0.54 0.45-0.51 0.45-0.49 
 
Table 4.1 demonstrates the effect of directional split on the ranges of critical densities 
(both kj and kf) for various values of right hand parameters, fixing the system size at 
30. The general pattern observed from the table suggests that kj tends to fall with 
increase in directional split. This is quite obvious because J condition is likely to be 
attained more easily if the opposing resistance experienced by the predominant group 
of pedestrians increases. However, it can be observed that the range of kj becomes 
more and more sensitive to directional split as the right hand parameter increases, 
especially at lower directional split values. The critical density range kf tends to rise 
with increase in directional split value (with the exception of the unidirectional flow 
case), which can be attributed to the fact that the pedestrians moving in the minor 
direction tend to occupy a disproportionately higher width of the simulation space at 
lower values of directional split laterally constricting the available space for the 
pedestrians moving in the predominant direction, which leads to an easier attainment 
of F conditions. Compared to kj, it can be observed that kf is comparatively less 
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Figure 4.1:  Variation of Flow with Directional Split when W=30 and r=0.1 
 
 
Figure 4.2:  Variation of Speed with Directional Split when W=30 and r=0.1 
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When the system size is 30 and the right hand parameter is 0.1, Figure 4.1, 4.2 and 4.3 
present the variation of macroscopic parameters like flow, speed and velocity 
respectively with directional split. The pattern clearly demonstrates that these three 
macroscopic parameters decrease with increase in directional split under J conditions 
characterised by notable drop in speed and velocity from unity and notable drop of 
flow from the numerical value equal to density (as discusses earlier in Chapter 3), 
whereas they remain insensitive under U conditions characterised by speed and 
velocity equal to unity and flow equal to numerical value of density (as discussed 
earlier in Chapter 3). In case of speed, it can be observed that although the values 
decrease at lower values of directional split, at higher values of directional split, they 
tend to be flattened. However, the macroscopic quantities remain insensitive with 
directional split under F condition (e.g. density of 0.4) and when there is transition 
from F condition to J condition (e.g. density of 0.5), an observable drop in the 
quantities can be observed. 
 
The decrease in macroscopic quantities under J conditions with the increase in 
directional split on the absence of the right hand parameter can be explained with the 
fact that because the greater the directional split, the more effort the pedestrians 
require in order to get out of the congested zone by percolating through the opposing 
pedestrians. At lower directional splits, pedestrians corresponding to the predominant 
direction of movement need to face a comparatively thinner longitudinal dimension of 
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However, when the right hand parameter is present, the pattern of variation changes 
greatly, although the aforementioned pattern persists in the congested zone. In the F 
condition, higher values of macroscopic parameters can be observed in case of 
unidirectional pedestrian movement (zero directional split), which is followed by a 
slight drop in the quantity when a small value of directional split of 0.1 is introduced. 
However, as the directional split is increased further, the macroscopic quantities start 
rising gradually and eventually may exceed the ones corresponding to unidirectional 
flow. The explanation behind this pattern is that in the absence of right hand 
parameter, unidirectional forced flows take place without any opposition. As soon as a 
small value of directional split is introduced, based on the principle of self 
organisation, the pedestrians moving in the minor direction take up a 
disproportionately higher width of simulation space, which reduce the macroscopic 
parameters. However, as the directional split continues to increase, the imbalance 
tends to diminish and F conditions become increasingly pronounced in the minor 
directions increasing the overall throughput. This results in slightly increased values 
of macroscopic parameters. 
 
From this section, the overall finding regarding the sensitivity of macroscopic 
parameters like flow, speed and velocity is that they are insensitive under U condition 
and F condition, but they become sensitive to change in directional split when J 
conditions prevail, although in case of speed, they tend to flatten out at higher values 
of directional split. In case of critical density ranges, it was observed that kj ranges 
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4.3 Effect of System Size 
 
In order to ascertain whether system size has effect on macroscopic quantities, three 
different system sizes were considered, namely 20, 30 and 40. For these three system 
sizes, the right hand parameter has been kept fixed at zero. Diagrammatic analyses 
will be carried out for directional split in this section. 
 





W=20 W=30 W=40 
0.0 
kf 0.48-0.48 0.47-0.47 0.47-0.47 
kj - - - 
0.1 
kf - - - 
kj 0.42-0.43 0.38-0.40 0.36-0.37 
0.2 
kf - - - 
kj 0.41-0.42 0.36-0.37 0.35-0.36 
0.3 
kf - - - 
kj 0.40-0.41 0.35-0.38 0.33-0.35 
0.4 
kf - - - 
kj 0.39-0.40 0.36-0.37 0.33-0.35 
0.5 
kf - - - 
kj 0.39-0.40 0.34-0.37 0.32-0.35 
 
In Table 4.2, the effect of system size on critical density ranges has been presented. It 
is apparent from the table that the critical density range kf is insensitive of system 
size, when the flow is unidirectional. However, for all the bi-directional cases, the 
general trend is that the critical density range kj decreases with the increasing system 
size. The reason behind such decrease can be attributed to the fact that an increased 
system size brings about the increased chance that a random initial condition will be 
developed with local clustering of pedestrians at certain regions of the simulation 
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Figure 4.4:  Variation of Flow with System Size when d=0.5 and r=0 
 
 
Figure 4.5:  Variation of Speed with System Size when d=0.5 and r=0 
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Figure 4.4, 4.5 and 4.6 show the effect of system size on macroscopic parameters 
(flow, speed and velocity respectively) when the value of directional split is 0.5 and 
the right hand parameter in nonexistent. The figures show that under U conditions 
characterised by speed and velocity equal to unity and flow equal to numerical value 
of density (as discussed earlier in Chapter 3), these macroscopic parameters remain 
insensitive. However, under J conditions characterised by notable drop in speed and 
velocity from unity and notable drop of flow from the numerical value equal to 
density (as discusses earlier in Chapter 3), these parameters clearly exhibit a 
decreasing trend, where the rate of decrease is comparatively lower in case of speed. 
 
Under J conditions, the longitudinal thickness of the jammed front increases with the 
system size for a given density of pedestrians. As a result, pedestrians need to struggle 
more against the opposing pedestrians to get their way through the crowded front. 
This results in decrease in the macroscopic quantities. However, under unidirectional 
flow (directional split is equal to zero), no such opposing crowd is present and the 
pedestrian flow is not jammed against opposing pedestrians, rather forced against the 
pedestrians moving in the same direction. Therefore, the issue present with the 
jammed flow is no longer prevalent in this condition resulting in the effect of system 
size irrelevant. As a result, the macroscopic parameters remain unchanged with 
system size. 
 
From this section, it is quite obvious that under J conditions, the macroscopic 
quantities are sensitive to system size. However, these quantities are insensitive to 
system size, when U conditions prevail. However, the effect of system size under F 
conditions is not clear as the sensitivity analysis has been carried out only with the 
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absence of right hand parameter. It was also found that the critical density range kj 
decreases with the increase in system size, whereas the kf remains virtually unchanged 
with the increase in system size. 
 
4.4 Effect of Right Hand Parameter 
 
In DPM, the right hand parameter reflects the tendency of pedestrians to move to the 
right, should a conflict arise, which is nothing but the introduction of a positive bias in 
the computation of transition payoff on the right hand side and that of a negative bias 
on the left hand side. In this section, an investigation has been carried out to assess the 
effect of right hand parameter on macroscopic quantities. For this purpose, right hand 
parameters of 0, 0.1 and 0.2 have been chosen, while keeping the system size constant 
at 30. The directional split values of 0.5 has been used. 
 
Table 4.3 shows the effect of right hand parameter on ranges of critical densities (both 
kj and kf) for various values of directional split. The table reveals that kf decreases 
with increase in right hand parameter, whereas kj increases with the increase of right 
hand parameter. The explanation behind such variation is that as the pedestrians are 
attracted more and more to the edges of the simulation space, there is greater 
likelihood of attaining F condition at lower densities. Also, under F conditions, the 
greater the pedestrians are attracted to the right side there is greater opportunity for 
them to get through the opposing pedestrians preventing the occurrence of J 
conditions. The sensitivity of critical density ranges was found to decrease with the 
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Table 4.3:  Variation of Critical Densities with Right Hand Parameter when W=30 
Directional Split  
Critical Density 
r=0.0 r=0.1 r=0.2 
0.0 
kf 0.47-0.47 0.38-0.40 0.23-0.26 
kj - - - 
0.1 
kf - 0.30-0.33 0.20-0.24 
kj 0.38-0.40 0.51-0.55 0.65-0.70 
0.2 
kf - 0.30-0.32 0.21-0.23 
kj 0.36-0.37 0.43-0.46 0.55-0.59 
0.3 
kf - 0.29-0.34 0.22-0.23 
kj 0.35-0.38 0.39-0.44 0.47-0.54 
0.4 
kf - 0.35-0.37 0.23-0.26 
kj 0.36-0.37 0.39-0.41 0.45-0.51 
0.5 
kf - 0.36-0.38 0.25-0.27 
kj 0.34-0.37 0.37-0.40 0.45-0.49 
 
 
Figure 4.7:  Variation of Flow with Right Hand Parameter when W=30 and d=0.5 
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Figure 4.9:  Variation of Velocity with Right Hand Parameter when W=30 and d=0.5 
 
Figure 4.7, 4.8 and 4.9 show the effect of right hand parameter on flow, speed and 
velocity respectively when the directional split is 0.5 and system size is 30. A 
gradually increasing pattern can be observed under J conditions characterised by low 
values of macroscopic parameters, whereas the pattern remains insensitive under U 
conditions characterised by speed and velocity equal to unity and flow equal to the 
numerical value of density. However, under high density conditions, the patterns 
become erratic. 
 
The gradual increase of flow with right hand parameter takes place because under J 
conditions, more and more pedestrians are attracted to the right. However, the 
exception is that speed remains comparatively unchanged due to the fact that 
pedestrians have a greater freedom to move laterally when the right hand parameter 
increases. 
 
It is evident from this section that the macroscopic parameters such as flow, speed and 
velocity are quite insensitive to the variation of right hand parameters, although in 
some cases an increasing trend can be observed. The critical density ranges are 
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sensitive to the variation of right hand parameters and the sensitivity is more 




In this chapter, a sensitivity analysis has been carried out to assess the effect of 
various input parameters (directional split, system size and right hand parameter) on 
output parameters such as flow, speed and velocity. The results have been plotted 
diagrammatically and the variation has been explained. The overall pattern suggests 
that it is the J condition that is the key in demonstrating the sensitivity in the variation 
of the macroscopic parameters. This is quite obvious because under J conditions, the 
system becomes disorganised and chaotic and demonstrates a situation that is far from 
reality. The U condition is clearly more organised on the other hand and thereby 











CONCLUSIONS AND RECOMMENDATIONS 
 
 
5.1 Summary and Conclusions 
 
In this study, an attempt has been made to perform a critique on a Cellular Automaton 
(CA) based microscopic pedestrian simulation model, namely the Dynamic 
Parameters Model (DPM). For this purpose, a complete reconstruction of DPM was 
carried out using the computing environment of MATLAB. This was followed by a 
statistical check using t-test between the simulated results obtained from the 
reconstructed model and original results obtained from the macroscopic fundamental 
diagrams of the paper proposing the DPM by Yue et al (2010), with due consideration 
to the issue of dispersion in the sample and sample size associated with the original 
results. The statistical check revealed that in the majority of cases, there is statistical 
agreement between simulated mean value of macroscopic parameters and those from 
the original model provided that the sample size is small and the dispersion is equal in 
both cases. 
 
Regarding the cases of discrepancy between the original and simulated results, the 
issue of reproducibility of a work comes in place. Because the original DPM only 
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highlights the mechanism of movement of pedestrians from one time step to the next, 
which is directly followed by the simulation results in terms of macroscopic quantities 
such as flow and speed, a question arises on the process in between, which is nothing 
but the development of algorithm in a computing environment to codify the 
mechanism that produces simulation results. This makes it advisable that in order to 
ensure the reproducibility of the results, any published research work must be 
accompanied with the necessary data, algorithm, codes etc. 
 
The simulation of the reconstructed DPM clearly showed three different regimes of 
flow at different density levels of pedestrians, namely uninterrupted flow, forced flow 
and jammed flow (designated as U condition, F condition and J condition 
respectively). It was found that the U condition successfully demonstrates the self 
organisation phenomena observed in pedestrian crowds. Although the F condition 
makes sense in terms of the tendency of the pedestrians to keep right when 
encountering an opposing pedestrian, the observation that the edges of the simulation 
space remain overcrowded, while keeping the centre disproportionately less crowded 
with the presence of no opposing pedestrians is questionable from a practical point of 
view. Finally, the J condition is far from reality because under this condition, a 
„cloud‟ of pedestrians is formed and the ones moving to each of the two directions 
form distinct layers, where the two groups of pedestrians virtually „fight‟ against each 
other to percolate through the „cloud‟. This kind of situation is far from reality in 
actual pedestrian traffic streams. 
 
For the alleviation of some of the most serious issues associated with DPM, such as 
the occurrence of less crowded zone in the middle, appearance of „cloud‟ under higher 
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densities and the assumption that all pedestrians are identical, it is necessary to 
modify the transition rules of DPM such that the phenomena observed in real world 
pedestrian traffic streams under various density conditions is reflected. However, the 
present model (Yue et al, 2010) simply provides the mechanism regarding the 
transition rules. The authors have stated that there is room for improvement in the 
present model by mentioning, “The future work in the Dynamic Parameters Model is 
to introduce in the mechanism of pedestrians possessing different speeds and to 
update or embed new parameter to simulate more accurately the pedestrians‟ 
intelligent ability to avoid and alleviate the pedestrian jam in the normal condition”. 
 
Regarding the appearance of the so called „cloud‟ in the simulation space under 
jammed conditions, question arises whether it is possible to validate DPM using real 
data. Yue et al (2010) compared the simulation curve obtained through running the 
simulation of DPM with other empirical macroscopic fundamental diagrams based on 
real data and found that although under low density conditions there is agreement 
between the simulation curve of DPM and other diagrams, as soon as the J condition 
is reached in DPM, a clear deviation appears between the DPM curve and the 
empirical curves. Such deviation has been attributed to the discreteness of CA and the 
assumption that all the pedestrians are identical in terms of various attributes (e.g. age, 
gender, walking speed etc). 
 
A sensitivity analysis has been performed to identify the effect of directional split, 
system size and right hand parameter. The pattern of variation has been observed 
visually through diagrams on a semi logarithmic scale, although it would have been 
better to perform statistical analysis (e.g. ANOVA) to check whether the apparently 
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observed variation has any statistical significance. The implications can be drawn 
from the sensitivity analysis: 
 The macroscopic quantities decrease with the increase in directional split in 
the congested condition. 
 The macroscopic quantities decrease with the increase in directional split in 
the congested condition 
 The pattern of variation of macroscopic quantities remain erratic under various 
values of the right hand parameter 
 
It should be noted that the scope of this study was confined to only one CA based 
microscopic pedestrian simulation model, namely the DPM. It would be interesting to 
perform a comparative evaluation between DPM and other CA based microscopic 
pedestrian simulation models discussed in Chapter 2, which is beyond the scope of 
this work. Such comparative evaluation would give a clearer picture on the relative 
strengths and weaknesses of DPM and other CA based models. 
 
The significant contribution of this study lies in performing a critique on one of the 
fully theoretical microscopic pedestrian simulation models, namely DPM, using the 
spatially and temporally discrete methodology of Cellular Automaton (CA). Given 
that in the recent years a number of CA based microscopic pedestrian simulation 
models are increasingly being proposed by people from diverse backgrounds, it is 
expected that this study would help to ensure that the future microscopic pedestrian 
simulation models not only would attempt to rectify the drawbacks associated with 
the methodology of CA, but also would acknowledge the problems that have to do 
with a model developed solely on theoretical considerations. 
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A number of recommendations and suggestions of improvement can be made on 
DPM to make it more capable in practical applications. In the following paragraphs, 
the recommendations have been listed. 
 
The existing DPM allows only two directions of pedestrians, although it is possible to 
extend the proposed methodology to four directions at most. However, it is still 
possible to introduce pedestrians moving diagonally based on the same idea, although 
minor modifications are needed to redefine the local neighbourhood and vision 
conscious field. Provisions should be made to allow pedestrians of multiple 
orientations in a simulation space including diagonal orientation. 
 
The principle of update provides only the position of a pedestrian in the next time 
step. It is inherently assumed that a pedestrian heading for a direction at any time step 
would always be headed towards that direction without any possibility of turning to a 
different orientation. However, in real life pedestrian crowds, pedestrians often 
change their orientation of movement, which is triggered by their desire to reach 
destination using a shortest possible route and the presence of geometric constraints 
and physical barriers in the simulation space. Therefore, it is necessary to include the 
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The existing DPM provides no guideline on route choice of pedestrians under real life 
configuration of facilities, where the geometry of the space is far from simple and 
their origin destination pattern and distribution is diverse. It is necessary to 
incorporate this in DPM. 
 
The DPM inherently assumes that all the pedestrians are identical in terms of 
movement behaviour, which is far from reality in the sense that pedestrians widely 
differ in terms of walking speed, aggressiveness, route choice etc when walking in a 
pedestrian facility. It is necessary to handle such interpersonal differences to make the 
model applicable in real world. 
 
The DPM is deterministic in nature in the sense that if the maximum transition payoff 
of a pedestrian is known, he will deterministically move to the cell having the 
maximum discarding the ones having lower values of transition payoff irrespective of 
their values with respect to the maximum. However, it is quite likely that real 
pedestrians are stochastic in their movement and route choice and under the same 
configuration of neighbourhood and vision conscious fields, the same pedestrian will 
not necessarily move to the same target cell all the time. This consideration must be 
introduced in DPM. 
 
While running the simulation with the existing DPM, because of the presence of 
periodic boundary condition on the top and bottom, the total number of pedestrians is 
constant. Therefore, a constant density is specified as an input parameter and the 
resulting flow is measured across the periodic boundary. However, in order to identify 
the true behaviour of the system, it is desirable that open boundary conditions should 
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be adopted on top and bottom and pedestrians must be fed into the system in order to 
achieve a particular flow, which would lead to the computation of the resulting 
densities in the system. 
 
The right hand parameter in DPM has the purpose to reflect the tendency of 
pedestrians to move to right by introducing imaginary attraction to the right and 
repulsion from the left. It appears that the right hand parameter has no specific 
physical meaning with respect to the walking behaviour and no guideline has been 
presented regarding the selection of right hand parameters. It is necessary to propose a 
methodology that would help to select the appropriate right hand parameter (fixed or 
variable) in performing simulation of real world facilities. 
 
The vision conscious fields in DPM for the purpose of the calculation of Forward 
parameter and Category parameter have been selected arbitrarily. It is necessary to 
take into account of the real behaviour of pedestrians in deciding the true length and 
width of vision conscious fields. Instead of assuming that all the cells of the vision 
conscious fields are of equal value to the pedestrian, consideration should be given to 
introduce weights reflecting the relative importance of cell in the vision conscious 
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MATLAB CODE OF RECONSTRUCTED DPM 
 
 
function dpm(n_in, k_in, d_in, r_in) 
 
numbert = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'position',[5,390,100,20]); 
 
numbern = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'b', 'position',[5,360,100,20]); 
 
numberk = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'b', 'position',[5,330,100,20]); 
 
numberd = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'b', 'position',[5,300,100,20]); 
 
numberr = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'b', 'position',[5,270,100,20]); 
 
numberu1 = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'position',[5,240,100,20]); 
 
numberum1 = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'r', 'position',[5,210,100,20]); 
 
numberu2 = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'position',[5,180,100,20]); 
 
numberum2 = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 'ForegroundColor', 'r', 'position',[5,150,100,20]); 
 
numberq = uicontrol('style','text', 'string','0', 'fontsize',12, ... 
 position',[5,120,100,20]); 
 
numberqm = uicontrol('style','text', 'string','0', 'fontsize',12, ... 













while (kreal>=(k+0.005) | kreal<=(k-0.005) | dreal>=(d+0.005) | dreal<=(d-0.005)) 
initx=rand(n,n); 
z=zeros(n,n); 










NATIONAL UNIVERSITY OF SINGAPORE 69 
 
 
imh = image(cat(3,zeros(n,n),zeros(n,n),zeros(n,n))); 





























































































elseif (zE(i,j)==1 | zE(i,j)==2) 
for p=i-1:i+1 
for q=j-1:j+1 
if (p==i & q==j) 
E(p-i+2,q-j+2,i-1,j)=0; 
elseif (p~=i | q~=j) 
if zE(p,q)==0 
E(p-i+2,q-j+2,i-1,j)=1; 












elseif (zE(i,1)==1 | zE(i,1)==2) 
for p=i-1:i+1 
for q=1:2 
if (p==i & q==1) 
E(p-i+2,q+1,i-1,1)=0; 
elseif (p~=i | q~=1) 
if zE(p,q)==0 
E(p-i+2,q+1,i-1,1)=1; 











elseif (zE(i,n)==1 | zE(i,n)==2) 
for p=i-1:i+1 
for q=n-1:n 
if (p==i & q==n) 
E(p-i+2,q-n+2,i-1,n)=0; 
elseif (p~=i | q~=n) 
if zE(p,q)==0 
E(p-i+2,q-n+2,i-1,n)=1; 



























































































































































































































































































































































































































































































































if (tempadj(i,j)<0.5 ... 
 & onecount==1) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.5 ... 













if (tempadj(i,j)<0.333 ... 
 & onecount==1) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.333 ... 
 & tempadj(i,j)<0.667 & onecount==2) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.667 ... 













if (tempadj(i,j)<0.25 ... 
 & onecount==1) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.25 ... 
 & tempadj(i,j)<0.5 & onecount==2) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.5 ... 
 & tempadj(i,j)<0.75 & onecount==3) 
Pmaxadj(p,q,i,j)=1; 
elseif (tempadj(i,j)>=0.75 ... 















































































































































if (p==2 & q==2) 
targetfinal(p,q,i,j)=1; 













if (tempfinal(i,j)<0.5 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.5 ... 












if (tempfinal(i,j)<0.333 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.333 ... 
 & tempfinal(i,j)<0.667 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.667 ... 












if (tempfinal(i,j)<0.25 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.25 ... 
 & tempfinal(i,j)<0.5 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.5 ... 
 & tempfinal(i,j)<0.75 & onecount==3) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.75 ... 

















if (tempfinal(i,j)<0.2 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.2 ... 
 & tempfinal(i,j)<0.4 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.4 ... 
 & tempfinal(i,j)<0.6 & onecount==3) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.6 ... 
 & tempfinal(i,j)<0.8 & onecount==4) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.8 ... 












if (tempfinal(i,j)<0.167 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.167 ... 
 & tempfinal(i,j)<0.333 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.333 ... 
 & tempfinal(i,j)<0.5 & onecount==3) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.5 ... 
 & tempfinal(i,j)<0.667 & onecount==4) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.667 ... 
 & tempfinal(i,j)<0.833 & onecount==5) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.833 ... 












if (tempfinal(i,j)<0.143 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.143 ... 
 & tempfinal(i,j)<0.286 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.286 ... 
 & tempfinal(i,j)<0.429 & onecount==3) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.429 ... 
 & tempfinal(i,j)<0.571 & onecount==4) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.571 ... 
 & tempfinal(i,j)<0.714 & onecount==5) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.714 ... 
 & tempfinal(i,j)<0.857 & onecount==6) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.857 ... 




















if (tempfinal(i,j)<0.125 ... 
 & onecount==1) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.125 ... 
 & tempfinal(i,j)<0.25 & onecount==2) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.25 ... 
 & tempfinal(i,j)<0.375 & onecount==3) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.375 ... 
 & tempfinal(i,j)<0.5 & onecount==4) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.5 ... 
 & tempfinal(i,j)<0.625 & onecount==5) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.625 ... 
 & tempfinal(i,j)<0.75 & onecount==6) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.75 ... 
 & tempfinal(i,j)<0.875 & onecount==7) 
targetfinal(p,q,i,j)=1; 
elseif (tempfinal(i,j)>=0.875 ... 


















if (target(p,q,i,j)==1 & targetfinal(p,q,i,j)==1) 
Pmaxfinalx(4-p,4-q,i+p-2,j+q-2)=1; 
elseif (target(p,q,i,j)==1 & targetfinal(p,q,i,j)==0) 









if (target(p,q,i,1)==1 & targetfinal(p,q,i,1)==1) 
Pmaxfinalx(4-p,4-q,i+p-2,q-1)=1; 
elseif (target(p,q,i,1)==1 & targetfinal(p,q,i,1)==0) 








if (target(p,q,i,n)==1 & targetfinal(p,q,i,n)==1) 
Pmaxfinalx(4-p,4-q,i+p-2,n+q-2)=1; 
elseif (target(p,q,i,n)==1 & targetfinal(p,q,i,n)==0) 






















if (target(p,q,1,j)==1 & targetfinal(p,q,1,j)==1) 
Pmaxfinalx(4-p,4-q,p-1,j+q-2)=1; 
elseif (target(p,q,1,j)==1 & targetfinal(p,q,1,j)==0) 







if (target(1,q,1,j)==1 & targetfinal(1,q,1,j)==1) 
Pmaxfinalx(3,4-q,n,j+q-2)=1; 






if (target(p,q,n,j)==1 & targetfinal(p,q,n,j)==1) 
Pmaxfinalx(4-p,4-q,n+p-2,j+q-2)=1; 
elseif (target(p,q,n,j)==1 & targetfinal(p,q,n,j)==0) 







if (target(3,q,n,j)==1 & targetfinal(3,q,n,j)==1) 
Pmaxfinalx(1,4-q,1,j+q-2)=1; 








if (target(p,q,1,1)==1 & targetfinal(p,q,1,1)==1) 
Pmaxfinalx(4-p,4-q,p-1,q-1)=1; 
elseif (target(p,q,1,1)==1 & targetfinal(p,q,1,1)==0) 








if (target(1,q,1,1)==1 & targetfinal(1,q,1,1)==1) 
Pmaxfinalx(3,4-q,n,q-1)=1; 







if (target(p,q,1,n)==1 & targetfinal(p,q,1,n)==1) 
Pmaxfinalx(4-p,4-q,p-1,n+q-2)=1; 
elseif (target(p,q,1,n)==1 & targetfinal(p,q,1,n)==0) 








if (target(1,q,1,n)==1 & targetfinal(1,q,1,n)==1) 
Pmaxfinalx(3,4-q,n,n+q-2)=1; 



















if (target(p,q,n,1)==1 & targetfinal(p,q,n,1)==1) 
Pmaxfinalx(4-p,4-q,n+p-2,q-1)=1; 
elseif (target(p,q,n,1)==1 & targetfinal(p,q,n,1)==0) 








if (target(3,q,n,1)==1 & targetfinal(3,q,n,1)==1) 
Pmaxfinalx(1,4-q,1,q-1)=1; 







if (target(p,q,n,n)==1 & targetfinal(p,q,n,n)==1) 
Pmaxfinalx(4-p,4-q,n+p-2,n+q-2)=1; 
elseif (target(p,q,n,n)==1 & targetfinal(p,q,n,n)==0) 








if (target(3,q,n,n)==1 & targetfinal(3,q,n,n)==1) 
Pmaxfinalx(1,4-q,1,n+q-2)=1; 




































































































































































































































































if (ztemp(i,j)==1 & sum(Pmaxfinal(1,:,i,j))==1) 
movecount2=movecount2+1; 
elseif (ztemp(i,j)==1 & sum(Pmaxfinal(3,:,i,j))==1) 
movecount2=movecount2-1; 
elseif (ztemp(i,j)==2 & sum(Pmaxfinal(3,:,i,j))==1) 
movecount2=movecount2+1; 






















if (ztemp(1,j)==1 & sum(Pmaxfinal(1,:,1,j))==1) 
up1count=up1count+1; 
end 
if (ztemp(n,j)==1 & sum(Pmaxfinal(3,:,n,j))==1) 
up2count=up2count+1; 
end 
if (ztemp(n,j)==2 & sum(Pmaxfinal(3,:,n,j))==1) 
dw1count=dw1count+1; 
end 















set(numbert, 'string', ['t=' num2str(t)]) 
set(numbern, 'string', ['W=' num2str(n)]) 
set(numberk, 'string', ['k=' num2str((sum(sum(z>0)))/(n*n))]) 
set(numberd, 'string', ['d=' num2str((sum(sum(z==1)))/(sum(sum(z>0))))]) 
set(numberr, 'string', ['r=' num2str(r)]) 
set(numberu1, 'string', ['u1=' num2str(u1)]) 
set(numberum1, 'string', ['um1=' num2str(um1)]) 
set(numberu2, 'string', ['u2=' num2str(u2)]) 
set(numberum2, 'string', ['um2=' num2str(um2)]) 
set(numberq, 'string', ['q=' num2str(q)]) 
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set(imh, 'cdata', cat(3,(z==1),(z==2),zeros(n,n))) 
 
axis off 
 
drawnow 
 
end 
 
 
 
 
 
 
 
 
 
 
